Pinnipeds have great potential for comparative studies of mother-pup recognition due to the contrasting maternal strategies adopted by otariids and phocids. Typically, otariid mothers perform foraging trips during lactation, leaving their pups in the colony, whereas phocid mothers remain close by their pups during the entire nursing period. Unlike most phocids, harbor seal (Phoca vitulina) females forage during the nursing period, which exacerbates the need for effective mother-pup vocal recognition in this species. Individual differences and ontogeny-related changes in airborne and underwater harbor seal mother attraction calls were investigated. Acoustic differences between aerial and underwater components of amphibious pup calls were also assessed. Sixteen acoustic parameters were measured on 1,072 calls from 88 pups recorded during the 2011-2013 breeding seasons in the St. Lawrence Estuary, Canada. Discriminant function analysis (DFA) correctly assigned 42.6% and 44.2% of airborne and underwater calls, respectively, to individual pups. A majority of highly individualized acoustic parameters were affected by pup age and body length. These results indicated that harbor seal pup calls encode an individual signature that might allow recognition of young by mothers, in which case females must continuously learn their pup's changing voice throughout of the rearing period. The fundamental frequency, total duration, and frequency-modulation slopes were constant between aerial and underwater components of amphibious calls. This could facilitate females' memorization of these highly individualized acoustic parameters to identify their offspring's call in both media.
Parent-offspring recognition is mutually beneficial (Trivers 1974) by avoiding misdirected parental care, as well as risks of injury associated with youngsters interacting with unrelated, potentially aggressive adults (Troisi et al. 1988; Harcourt 1992) . Therefore, young survival and adult reproductive success may depend on the ability of offspring to emit individualized signals and parent capacities to perceive individuality within those signals (Tibbetts and Dale 2007) .
Signals used for parent-offspring recognition can be mediated through different sensory modalities (Bradbury and Vehrencamp 2011a) , such as olfaction, vision, and acoustics, or from a combination of these modes. Acoustic signals are reliable over long distances in air or in water, which explains why parent-offspring vocal recognition is widespread among birds and mammals (Bradbury and Vehrencamp 2011b) .
Mammalian vocalizations are generated by a "source" (lungs, larynx, sub laryngeal structures, vocal cords, or vocal folds) and subsequently "filtered" by the supralaryngeal vocal tract (Titze 1994) . These 2 anatomical components of the vocal apparatus influence different acoustic features of the vocalizations. Source-related acoustic parameters include the fundamental frequency, tempo, duration, and amplitude, while filter-related parameters are associated with spectral characteristics of the sounds (Titze 1994; Taylor and Reby 2010) . The constraints imposed by anatomical structures on acoustic parameters result in vocal distinctiveness among individuals in various pinniped species (Charrier et al. 2002 (Charrier et al. , 2009 ). However, given their dependence on the vocal anatomy, acoustic features of vocalizations are expected to change as individuals grow and mature. The vocal tract length is directly dependent on body size (Fitch and Hauser 2003) . In sexually dimorphic species, divergent growth rates can therefore result in differences in vocal features between the sexes. Conversely, the larynx is not strictly constrained by surrounding bony structures and therefore not directly related to body size (Fitch 1997) . This organ is a target for sex steroids (Aufdemorte et al. 1993 ) whose development is influenced by testosterone levels and thus differs between males and females. Ontogenic modifications of vocalization features may impact parent-offspring recognition processes. If acoustic features of the individual vocal signature change during the rearing period, then parents need to constantly adjust the template of their offspring's voice to be able to recognize their growing young (Hepper 1991) .
Comparative studies have demonstrated that parent-offspring vocal recognition systems differ among species and taxa according to the strength of selection pressures for this ability (Beecher 1982; Jouventin and Aubin 2002; Insley et al. 2003) . In mammals, the complexity of the parent-offspring vocal recognition systems is generally correlated with the population density at a breeding site and strongly related to the degree of mother-young interactions during lactation. Accordingly, maternal reproductive strategies have led to divergent motheroffspring recognition systems in the otariid and phocid pinnipeds (Insley et al. 2003) . In otariids, females undertake extended foraging trips at sea during the long lactation period (4-24 months) and must relocate their pup upon return to their dense breeding colony (Riedman 1990) . As a result, high levels of individual stereotypy of both female and pup calls, as well as mutual recognition abilities, have been detected in all studied otariids (Insley et al. 2003; Charrier and Harcourt 2006; Charrier et al. 2009; Pitcher et al. 2010) . In contrast, phocid females generally fast alongside their pup throughout their relatively short lactation period (4-53 days-Bowen 1991). Accordingly, individual stereotypy levels in vocalizations and mother-offspring recognition abilities vary across phocid species (Collins et al. 2006) . In contrast to otariids and except for highly colonial species (gray seals, Halichoerus grypus and elephant seals, Mirounga spp.), phocid mothers vocalize infrequently and pup calls are poorly individualized (Insley et al. 2003) .
Harbor seals (Phoca vitulina) adopt an "otariid-like" maternal strategy, with mothers undertaking foraging trips at sea beyond the first week of the 21-to 42-day lactation period (Riedman 1990; Boness et al. 1994) . Furthermore, harbor seal pups are exceptionally mobile in the water from birth and throughout lactation (Bigg 1981; Oftedal et al. 1987) . Such preweaning mobility and frequent maternal absences favor a mother-pup recognition system which is effective over long distances, such as vocal recognition (Renouf et al. 1983; Renouf and Diemand 1984) . Harbor seal pups frequently emit vocalizations conventionally called "mother attraction calls" (MACs- Khan et al. 2006 ) that disappear from their vocal repertoire after weaning, suggesting a role in mother-pup reunions during lactation (Renouf 1984) . Harbor seal pups vocalize both in air and under water. Calls produced when pups are at the water's surface are designated as "amphibious calls" since they propagate simultaneously in both media (Renouf 1984; Perry and Renouf 1988) . Renouf (1984) and Perry and Renouf (1988) suggested that harbor seal MACs potentially carry individual vocal signatures, which has been demonstrated in captive Pacific harbor seal pups (Khan et al. 2006) . However, the vocal repertoire has been shown to vary between wild and captive Mediterranean monk seals (Monachus monachus- Muñoz et al. 2011) . Moreover, numerous acoustic features are known to be affected by the behavioral context in which vocalizations are collected (Briefer 2012). Large-scale studies on wild and tagged animals are therefore required to further characterize the individual vocal signature and the development of harbor seal pup vocalizations. Both components of amphibious calls are emitted from different anatomical structures: the aerial component radiates through the pup's mouth, while the underwater component is emitted at the animal's neck. Aerial and underwater are thus likely to be filtered differently by the vocal tract and thus results in different call characteristics. Comparisons between both components of amphibious calls might therefore provide insights into the roles of amphibious communication in harbor seal mother-pup recognition.
The objectives of the present study were to characterize the acoustic features of MACs from wild harbor seal pups both under water and in air; investigate the effects of age, body size, and sex on the acoustic features of MACs; and assess the differences between aerial and underwater components of amphibious harbor seal MACs. This research therefore aimed to interpret the importance of MACs role in mother-pup recognition in this species.
Materials and Methods
Study site and animal handling.-This study was conducted at harbor seal colonies at Bic (48°24′N, 68°51′W; n ≈ 100 pups/ year-Van de Walle 2013) and Métis (48°41′N, 68°01′W; n ≈ 30 pups/year-Van de Walle 2013), St. Lawrence Estuary, Canada. These sites were visited (weather permitting) alternately throughout 3 consecutive breeding seasons (2011) (2012) (2013) , from mid-May to early July). Harbor seal pups were captured in the water using a dip net and 5-m inflatable boat and then transferred to a 7-m, hard-hulled motorboat for handling. At first capture, pup sex was established. To facilitate recaptures, individuals were marked with a colored and numbered pyramid tag (Seal Hat, Dalton, Henley-on-Thames, United Kingdom) glued (Loctite #422 cyanoacrylate glue and #7452 Accelerator, Loctite Corp., Mississauga, Ontario, Canada) on the head and tagged with a uniquely numbered Jumbotag (Dalton) in a hind flipper. Upon each capture, pups were weighed (± 0.1 kg; Salter spring scale, West Bromwich, United Kingdom) and the standard length was measured to the nearest centimeter (McLaren 1993) . Handling time rarely exceeded 10 min from capture to release. Because most pups were not captured immediately after birth, 2 indirect methods were used to estimate pup age (detailed in Van de Walle 2013) . All procedures involving live animals followed American Society of Mammalogists guidelines (Sikes et al. 2011) and were approved by Fisheries and Oceans Canada (permits IML 2011 -004, IML 2012 -003, and IML 2013 and the Animal Care Committee of Université Laval (permit CPAUL 2011020).
Recording procedures.-Aerial calls were recorded for about 1 min following pup transfer to the bigger boat and prior to any handling using a shotgun microphone (Sennheiser ME 67, Sennheiser, Wedemark, Germany; linear frequency response: 40-20,000 Hz ± 2.5 dB) connected to a digital recorder (Marantz PMD 661, Marantz Europe, Eindhoven, the Netherlands; linear frequency response: 20-24,000 Hz ± 1 dB). Upon completion of body measurements (i.e., weight and length), the pup was held horizontally by the hind flippers on the surface of the water for 60 s, and then set free, but never forced to submerge its head and body. This often allowed mother-pup pairs to establish visual contact and elicited the pup to call. During this period, MACs were recorded simultaneously in air and under water using a hydrophone (Cetacean Research C54XRS, Cetacean Research Technology, Seattle, Washington; linear frequency response: 16-44,000 Hz ± 2.5 dB) connected to the same digital recorder. Airborne and underwater calls were recorded simultaneously, on each channel of the recorder, at a 44.1 kHz sampling rate. Following pup release, recordings were continued until the mother and pup reunited or until the pup was out of sight. This procedure allowed the recording of pup calls in a standardized context where the mother-pup pair was recently separated and both parties were attempting to find each other.
Acoustical analyses.-Airborne and underwater channels of each recording were separated into 2 distinct files and analyzed using Avisoft SAS Lab Pro (R. Specht 1996) . Since MACs did not exceed 10 kHz, recordings were resampled at 22.05 kHz. Recorded vocalizations were divided among 3 types according to the medium in which they were emitted. Airborne MACs were emitted solely in air while pups were resting in the boat following their capture. When pups were returned to the water they produced simultaneous aerial and underwater MACs, hereafter referred to as amphibious MACs (Perry and Renouf 1988) . Finally, underwater MACs were emitted solely under water while the pup's head was submerged (mostly < 3 m depth but harbor seal pups from the studied colony were found to dive up to 50 m- Lessard 2014) . To ensure adequate characterization of intra-individual call variation, only recordings containing at least 6 vocalizations with a high signal-to-noise ratio were selected for further analysis.
Harbor seal pup vocalizations are tonal and exhibit an inverted "U" or "V"-shaped pattern characterized by an ascending frequency modulation (FM) at the beginning of the call followed by a plateau and a descending FM afterward (Renouf 1984; Khan et al. 2006; Fig. 1A − − . The fundamental frequency (f 0 , Hz) was calculated as the mean between f 3 and f 2 (Fig. 1A) . The total duration of the call (dt, ms) was measured on an oscillogram (cursor precision: 1 ms; Fig. 1B) . Frequency values (f max1 to f max5 , Hz) at the 5 first maxima of amplitude (P 1 to P 5 on Fig. 1C ), amplitude ratios between 1st and 2nd to 5th maxima of amplitude (A 2 /A 1 , to A 5 /A 1 ) and energy quartiles (Q 25 , Q 50 , and Q 75 , Hz) were obtained from the average energy spectrum (Hamming window, frequency resolution = 0.336 Hz; Fig. 1C ) measured on the entire duration of the call.
Airborne MACs were collected in a single context (pup resting in the boat), whereas underwater MACs were recorded in 2 situations (pup held in the water by hind flippers or released). One-way analyses of variance (ANOVAs) were computed for each acoustic parameter in each calling situation to document variability in MAC features.
Statistical analyses.-All statistical analyses were performed using the statistical software R (R Development Core Team 2011). Normality and homogeneity of variance were tested on all acoustic parameters using Shapiro-Wilk and Levene tests (R package car-Fox and Weisberg 2011), respectively. When performing ANOVAs, log-transformations were used (when required) to correct for deviations from the normality criterion and Welch's correction for unequal variances was applied when relevant. Moreover, a sequential Bonferroni adjustment for multiple comparisons was applied to ANOVA significance levels since the 16 different acoustic parameters tested derived from the same set of calls (Hochberg 1988; Shaffer 1995) . Results were considered significant at P ≤ 0.05 and were presented as means ± SE, unless stated otherwise.
Vocal stereotypy in pups.-Individual differences in calls were characterized by running the analyses described below separately for airborne and underwater MACs. The potential for individual coding (PIC) for each acoustic parameter was assessed by calculating the CV b /CV i ratio, where CV b is the individual coefficient of variation among pups and CV i is the average of all CVs within individual pups (Robinson et al. 1993) . All coefficients of variation were calculated using the correction for small sample sizes: Sokal and Rohlf 1995) . Parameters obtaining PIC value > 1 have the potential to encode individual identity because intraindividual variability is less than inter-individual variability (Robinson et al. 1993) . One-way ANOVAs were computed for each acoustic parameter to assess differences among pups.
Individual stereotypy of MACs was further assessed by performing separate stepwise, cross-validated DFAs (R package MASS-Venables and Ripley 2002) on airborne and underwater MACs. In DFAs, the size of the smallest group should be no larger than the number of predictor variables (Bökeoğlu and Büyüköztürk 2008) . Because the minimal number of calls per pup was set to 6 in this study, the number of acoustic parameters used as predictors had to be reduced to 6. The acoustic parameters with the greatest PIC values were retained as predictors. Pearson's correlation matrices were computed to verify that multi-colinearity between predictors was minimal (i.e., r < 0.5). Acoustic parameters used as predictors were log-transformed when deviating from the normality assumption. The percentage of MACs attributed to the correct individual was computed for each pup, as well as for the overall set of calls, and compared to the percentage expected by chance. Percent-correct classification scores vary according to sample size (number of individuals and number of calls per individual- Bee et al. 2001) . Because the sample size was notably greater for airborne than for underwater MACs, DFA on airborne MACs was performed using a random subsample of 15 individuals and iterated 100 times. The percentcorrect classification score presented for the airborne MACs was the mean of all 100 iterations. Calls from pups recorded at different ages were pooled in DFAs. In the event that MACs changed as a function of pup age, this combination of calls was expected to lower the DFAs' classification efficiency. Resulting percent-correct scores were thus highly conservative. Individual percent-correct scores were tested by a Welch 2-sample, t-test to determine if pups recorded at different ages obtained lower percent-correct scores than pups recorded only once.
Individual traits and acoustic parameters.-The effects of age, body size, and sex on the MAC acoustic parameters were investigated using linear mixed models (R package nlme- Pinheiro et al. 2012 ) fitted with a restricted estimate of maximum likelihood. Each acoustic parameter was defined as the response variable in the model in which "fixed effects" were pup sex, age (days), body length (cm), and the age × sex interaction; pup identity was included as a "random effect." Variance inflation factors (VIFs) were computed for each model to detect eventual colinearity among dependent variables (R function vif. mer -Frank 2011) . Some parameters were log-transformed to obtain homoscedasticity of all variables. Since transformation of these data did not always correct deviations from the normality of residuals, significance levels of coefficients were calculated by randomization of the y-axis (number of iterations = 1,000-Mazerolle 2013). This analysis was performed separately for airborne and underwater MACs.
Characterization of amphibious calls.-To characterize the differences and similarities among the aerial and underwater components of MACs, the acoustic parameters measured on Hz) presenting beginning of the call (t 1 ; f 1 ), inflection points (t 2 ; f 2 ) and (t 3 ; f 3 ), and end of the call (t 4 ; f 4 ); B) Oscillogram used to measure the duration of the call (dt) and C) frequency spectrum displaying 5 first maxima of amplitude (P 1 to P 5 ) that provided the f max s and amplitude values used to calculate amplitude ratios (relative to A 1 ). On the x-axis "X's" indicate the energy quartiles (Q 25 < Q 50 < Q 75 ). Figure generated using SEEWAVE v.1.7.3 (Sueur et al. 2008 ).
aerial components of amphibious calls were plotted against their equivalent parameter measured on the underwater component (one plot per acoustic parameter). Moreover, the hypothesis that the slope between both components was equal to 1 was tested using the function slope.test (R package smart -Warton et al. 2013 ) for each acoustic parameter. A robust regression method was used to account for greater influence of some observations. The significance level was set to 1% for this test; otherwise the test would have been more precise than the measurement error for the acoustic parameters.
Results
A total of 1,737 MACs with a high signal-to-noise ratio from 109 harbor seal pups aged between 1 and 41 days were recorded over the 2011-2013 breeding seasons. Numbers of recorded MACs per pup (all MAC types combined) ranged from 1 to 95, and these were collected in 1-6 recording sessions (i.e., different days; X = 1.6 ± 0.1 recording sessions per pup). Exclusion of recordings with less than 6 calls of the same type resulted in 1,072 vocalizations from 88 pups (39 females and 49 males) including 678 airborne (from 70 individuals), 114 underwater (from 13 individuals), and 280 amphibious (from 55 individuals) MACs. Considering all MAC types, call fundamental frequencies (f 0 ) and total durations averaged 431 ± 2 Hz and 417 ± 4 ms, respectively (Table 1) . In some instances (n = 37, 16, and 8 for airborne, underwater, and amphibious MACs, respectively), MACs did not exhibit any visible frequency modulation. This was likely due to low-amplitude calls that were greatly attenuated during propagation in their ascending and descending parts. Thus, AFM and DFM could not be measured on these MACs.
A total of 86 underwater MACs were recorded when pups were held in the water by their hind flippers, while 28 were recorded following pup release. Most pups (9/12) called solely in either one of these situations, impeding assessment of potential effects of the calling situation on acoustic properties of their calls. Nevertheless, for the only pup that emitted numerous MACs in both situations, no significant difference in means was found between the 16 acoustic parameters measured on calls emitted while the pup was held compared to calls emitted after its release.
Vocal variation among pups.-Acoustic parameters showing the highest PIC values included spectral (f 0 , Q 25 , Q 50 , and Q 75 ) and frequency-modulation (DFM and AFM) features (Fig. 2) , which were retained for the DFAs. For both airborne and underwater MACs, correlation matrices indicated coefficients < 0.5 for each pair of these parameters, except for Q 25 :Q 50 and Q 50 :Q 75 which had correlation coefficients > 0.6. The DFAs were therefore performed using all of the parameters listed above except Q 50 . Linear calls missing AFM and DFM were excluded from the analyses. Recordings containing < 6 MACs of the same type following this exclusion were also removed from the data set. The DFAs were performed on 596 airborne MACs from 61 individuals (28 females and 33 males) and 95 underwater MACs from 12 individuals (5 females and 7 males). On average, stepwise cross-validation DFAs on subsamples of individuals classified 42.6 ± 0.5% (range from the 100 iterations: 32.0-53.4%) of airborne MACs to the correct pup, which is greater than expected by chance (8.7%). Similarly, 44.2% of all underwater MACs were correctly assigned, compared to 9.3% as expected by chance. Correct classification rates were greater than expected by chance for 60/61 and 11/12 of the individuals recorded in air and underwater, respectively (see Supporting Information S1 and S2). Individuals for which recordings collected at different ages were combined in DFAs did not yield lower correct classification rates than nonrepeated individuals for both airborne (t 44,73 = 3.67, P > 0.99) and underwater (percent-correct classification for repeated individual = 66.7%; 95% confidence interval for nonrepeated individuals = 19.1-60.7%) MACs.
Effect of pup sex on call structure.-All VIFs (see "Materials and Methods") were substantially < 10, confirming that colinearity was not an issue when including age and body length as fixed effects in single linear mixed models (Neter et al. 1990 ; Chai-Terjee and Price 1991; Table 2 ). Calls produced by males (Table 2) . Frequency-modulation slopes of airborne calls became less steep with age, an effect that was more conspicuous among females than males. Underwater calls became more frequency modulated with age, except for DFM in males. Effects of age on energy quartiles and spectral features varied according to the sex of pups and MAC type.
Effect of pup body size on call structure.-The f 0 decreased with body length by 2.1 and 3.0 Hz/cm for airborne and underwater MACs, respectively. Body size also had a strong negative effect on FM slopes (in absolute value; nonsignificant for DFM in airborne MACs). The Q 25 increased while Q 75 decreased with body length for airborne MACs, while the opposite was found for underwater MACs. Amplitude ratios generally decreased with body size for both MAC types (nonsignificant effect for A 2 /A 1 in airborne MACs as well as A 3 /A 1 and A 5 /A 1 in underwater MACs). As pups grew, all frequency maxima measured on underwater MACs became lower, although effects of body length were only significant for f max3 and f max4 .
Characterization of amphibious calls.-Total duration and fundamental frequency of pup MACs were not significantly different between aerial and underwater components of amphibious calls (P = 0.51 and 0.04, respectively; Fig. 3 ; Table 3 ; and Supporting Information S3). Aerial and underwater components of all other acoustic parameters differed significantly, although Q 50 and FM slopes (AFM and DFM) tended to covary (Fig. 3) . Graphical analysis also revealed that aerial and underwater frequency peaks (f max s) were rearranged among harmonics, and thus amplitude ratios between the 1st and 2nd to 5th peaks of amplitude were not correlated (Fig. 3) .
Discussion
Harbor seal pups in the present study emitted MACs whose characteristics were similar to those reported in their Atlantic and Pacific conspecifics (Ralls et al. 1985; Perry and Renouf 1988; Van Parijs and Kovacs 2002; Khan et al. 2006 ).
The calling situation (i.e., pup held by hind flippers or released) did not affect the acoustic properties of underwater MACs. Indeed, the only pup recorded in both situations obtained the highest individual percent-correct classification score from the DFA. This confirmed that the calling situation did not induce variation in pup calls and validated the relevance of pooling underwater MACs collected in both situations for vocal stereotypy and call development analyses.
Vocal variation among pups.-Fundamental frequency, energy quartiles, FM slopes, and call duration were the most individualized parameters in both airborne and underwater harbor seal MACs, therefore contributing to individual identity encoding. Fundamental frequency, call duration, and FM have also been identified as individualized parameters in airborne MACs from various pinniped species (Renouf 1984; Phillips and Stirling 2000; Charrier et al. 2002 Charrier et al. , 2010 Charrier and Harcourt 2006; Collins et al. 2006; Khan et al. 2006 ). The fundamental frequency represents a highly individualized feature of pinniped MACs, due to its strong dependence upon the structural anatomy of the vocal tract (Kelemen 1963) . The resistance of FMs to degradation due to attenuation with distance and masking by noise (Wiley and Richard 1982) makes it another reliable parameter in which to encode information in long-distance communication systems and noisy environments.
Overall percent-correct scores for MACs produced in air (42.6%) and under water (44.2%) were comparable, suggesting that both call types share a similar level of individual stereotypy and could therefore have a similar role in pup vocal recognition by the female. These percent-correct scores were higher than those obtained for airborne calls from captive Pacific harbor seal pups (29%- Khan et al. 2006) . However, because percent-correct scores obtained from DFAs can be influenced by the acoustic parameters used as predictors, sample size, and cross-validation technique used (Insley et al. 2003) , it is impossible to determine whether this discrepancy reflects contrasting stereotypy levels among harbor seal populations. Direct comparisons of vocal stereotypy among studies should therefore be interpreted with caution. Nevertheless, percent-correct scores tend to be higher in otariids than in phocids, which is consistent with the contrasting selective pressures on mother-pup recognition between the 2 groups, due to differing maternal strategies and densities at breeding sites (Table 4 ). The 42.6% and 44.2% correct classification rates obtained in this study were intermediate between otariids and other phocids and this may reflect the mobile maternal strategy adopted by harbor seals. The high rates observed among elephant seals may result from the use of the original DFAs, which tend to be less conservative Fig. 2. -Potential for individual coding values of acoustic parameters measured on harbor seal (Phoca vitulina) mother attraction calls (MACs). Black and white bars represent airborne (n = 678) and underwater (n =114) MACs, respectively. Asterisks indicate parameters for which significant (α < 0.05) inter-individual differences in means were identified. Table 2 .-Results of linear mixed models on 16 vocal parameters measured in harbor seal (Phoca vitulina) mother attraction calls (MACs). Coefficients represent slopes of linear regressions for the effects of age and body length, and intercept differences between males and females for the effect of sex (referent: females). The coefficient of the interaction term (age × sex)
is the difference in the age coefficient between males and females. P-values were calculated by comparing coefficients provided by the models to those generated from randomization of the response variable. Bold type highlights significant effects. Asterisks indicate parameters that were log-transformed to fulfill the homoscedacity assumption. VIF = variance inflation factor. than using cross-validated DFAs (Burns and Burns 2008) as was done here, or perhaps because this species breed in highdensity areas associated with increased risks of mother-pup separations (Riedman and LeBoeuf 1982) , a more sophisticated mother-offspring vocal recognition system has evolved. High percent-correct scores (> 60%) were obtained for very young pups (1-5 days old), indicating that harbor seal MACs are individually distinct from the first days of life. In contrast, Weddell (Leptonychotes weddellii) and Hawaiian monk (Monachus schauinslandi) seal MAC stereotypy levels increased with pup age (Job et al. 1995; Collins et al. 2006) . The early onset of harbor seal pup's individual vocal signature might have evolved because of their early precocious aquatic activity increasing the possibility of separation from their mother.
However, important inter-individual variation in percentcorrect scores was observed. Since other factors such as age did not affect vocal stereotypy sufficiently to alter reassignment efficiency, this variability likely reflects different vocal stereotypy levels among individuals, which could affect females' vocal discrimination abilities.
Effect of pup sex on call structure.-Male airborne MACs from this study were initially longer, which could result from greater lung volume, since male harbor seal pups are approximately 5% heavier at birth than females (Ellis 1998 ). The sexual differences in filter-related acoustic parameters (f max s and amplitude ratios) may also result from the size dimorphism at birth. Effects of sex on source-related acoustic parameters (f 0 and DFM) could be attributable to differences in laryngeal structures resulting from contrasting sex-related testosterone levels. Throughout nursing, such contrasting sex hormone level variations may result in differential vocal anatomy development and therefore age × sex effects on acoustic parameters. Accordingly, calls from harbor seal pups of both sexes were contrastingly modified with age for many parameters (Khan et al. 2006) .
Effect of pup age on call structure.-The decreasing f 0 for both MAC types (except for underwater MACs in females) with pup age may be due to the growth of the vocal folds (Taylor and Reby 2010) or could be associated with age-related variations in motivational state of the pups when calling their mother, which can change as pups mature and induce modifications in the acoustic parameters of their calls (Scherer 1986; Collins et al. 2011 ). The positive effect of age on f 0 in females (1.0 Hz/ day) has not been reported elsewhere and might be attributable to the skewed distribution of the age variable and the limited sample size (n = 13) used in models for underwater MACs. The ontogenic changes in FM slopes, duration, and spectral distribution of the energy for airborne MACs are consistent with the finding by Khan et al. (2006) that maximum and minimum frequency as well as frequency range and modulation decreased with age in airborne harbor seal pups MACs. Similarly, the fundamental frequency values decreased and the energy spectrum became more concentrated on lower frequencies with age in subantarctic fur seal (Arctocephalus tropicalis) MACs .
Effect of pup body size on call structure.-As body size directly determines the length of the vocal tract (Fitch 2000a (Fitch , 2000b , body length changes can induce variations in filterrelated parameters of vocalizations such as the distribution of the energy among harmonics (Taylor and Reby 2010) . Body length effects were detected for many f max s, amplitude ratios, and energy quartiles in airborne and underwater MACs, indicating spectral-related effects of pup size on their vocalizations. The negative effect of body size on f 0 in both call types suggested that harbor seal pup laryngeal structures mature concurrently with growth in length during nursing (Taylor and Reby 2010) .
Some of the effects of pup sex, age, and body size identified in this study differed according to call type (airborne versus underwater). The latter is not surprising since in air, pups generally opened their mouth while calling, whereas pups vocalized with their mouth closed under water (C. C. Sauvé, pers. obs.). Moreover, their head position while out of the water or swimming under water differed. These contrasting calling postures are likely to influence the shape of pups' vocal tract and supralaryngeal resonant cavities and therefore the features of their calls and their relationship with individual traits.
Characterization of amphibious calls.-Because an amphibious MAC consists of a single vocalization emitted simultaneously in air and under water while the pup is swimming with its head overwater, source-related acoustic parameters are not expected to vary between both components of a same call. Accordingly, the fundamental frequency and total duration of underwater and aerial components of amphibious MACs recorded in this study did not differ. Likewise, FM slopes closely covaried between both components, indicating that the structure of calls remained unchanged in both media. In a similar analysis, Perry and Renouf (1988) found that average FM did not differ between aerial and underwater recordings of harbor seal MACs. However, the latter study showed a difference in mean duration of calls emitted in both media. This discrepancy could represent an artifact of the analysis method, since Perry and Renouf (1988) did not perform pairwise comparisons and all recordings did not have their equivalent component in both media.
Harbor seal MAC propagation efficiency has been characterized both in air and under water (Sauvé 2014) , and call characteristics such as amplitude modulation (AM), frequency modulation (FM), and energy spectrum reliably propagated up to 128 and 200 m in air and under water, respectively. Yet, amphibious MACs from the present study were recorded at close range (10-15 m). Under these conditions, differences observed between aerial and underwater components of amphibious calls are unlikely to result from contrasting degradation during propagation despite contrasted sound velocities in air (330 m/s) and in the water (1,500 m/s). Alternately, since both components of amphibious MACs radiate from different anatomical structures, these are likely contrastingly filtered within the vocal tract. In this study, energy distribution among harmonics greatly differed between aerial and underwater components of single vocalizations. Similarly, underwater components of harbor seal pup (Perry and Renouf 1988) and hippopotamus (Hippopotamus amphibius-Barklow 2004) amphibious calls exhibiting a wider frequency range than their aerial equivalents. These findings further suggested that differential filtering processes occur prior to emission of aerial and underwater components of pup calls.
Of the 7 most individualized acoustic parameters (i.e., with highest PIC values), 5 (dt, f 0 , Q 50 , AFM, and DFM) were significantly influenced by pup age while 4 (Q 25 , Q 75 , f 0 , and AFM) were related to body length for both airborne and underwater MACs. Yet, the process of mother-pup vocal recognition requires that the mother compares the MACs she hears to an internal template of her pup's MACs to decide whether they were emitted by her offspring (Bradbury and Vehrencamp 2011a) . If MACs are effectively used by females to recognize their pups, effects of age and body size on acoustic parameters therefore imply a continuous update of female references templates in the course of the rearing period. However, the acoustic parameters for which aerial and underwater components covaried (dt, Q 50 , AFM, DFM, f 0 ) were among the 7 most individualized variables measured in this study. If these acoustic features are actually used for mother-pup vocal recognition, females could therefore learn a single version of their offspring's call and be able to recognize it when hearing it either under water or in air. Such individual stereotypy of constant parameters both in air and under water could favor efficient vocal recognition of pups by their mother and so would ease reunions between the pair. Nevertheless, the production of individually distinct calls does not necessarily imply their use for individual recognition. Hence, playback experiments would be required to verify these assumptions.
